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TECHNOLOGY/A PPLICA TIONS

IV Fluidmakers: Preparation of Sterile Water for Injection
In a Field Setting

W. DICKINSON BURROWS1' and JAMES H. NELSON

U. S. Army Biomedical Research and Development Laboratory, Fort Detrick, Frederick, MD

ABSTRACT: Two approaches have been investigated for generating USP sterile, pyrogen-free water for injection
(WFI) from potable water in the field. The first approach utilizes reverse osmosis (RO), ion exchange, a solid
matrix filter containing activated carbon and zeta adsorbent, a final 0.2 pLm pore size sterilizing filter and a device
for transferring the WFI to an IV bag; prototype systems based on three different hand-operated RO units weigh
1.5-3.5 kg and are capable of producing WFI at rates of 1-10 L /hr. Parenteral solutions were made by adding
WFI to an IV bag containing concentrated Ringer's lactate. The second approach, still in the breadboard stage, is
similar but utilizes a larger ion exchange cohlmn in place of the RO unit and a multiport distribution head to fill a
set of 18 J-L IV bags. This system, considered to be disposable, is capable of generating water of WFI quality at a
fill rate of 0.5 L/min from a pressurized source.

Introduction inant levels for a large number of organic and inorganic

The U.S. Army has recognized a need to manufacture chemicals commonly found in water supplies. Army field

intravenous (IV) fluids under conditions where resupply potable water standards (Table I) are necessarily less
of medical items is uncertain, and has called for develop- stringent (5). For example, potable water prepared from

ment of a device to produce sterile water free of seawater by means of the 600 gallon/hour reverse
osmosis water purification unit (ROWPU), the most

pyrogens (i.e., bacterial endotoxins) from a potable advanced water treatment system in the Army inventory,

source. The product water is to be introduced directly has chloride levels exceeding the EPA secondary stan-

into one-liter bags containing concentrated parenteral

salts so as to make solutions suitable for IV infusion. dard by two-fold or more. For this reason, tests have
been carried out with waters that would not meet EPATwo configurations are envisioned: one, a hand-

operated device capable of producing a minimum of 1 source criteria, and use of the term "WFI" in this paper

L/hr and small enough to be carried as part of the does not address these criteria. We believe that use of

aidman's kit; the other, a disposable system capable of potable water meeting Army standards will not compro-

producing kt; eastherLain two hours from a pressurized mise the safety of the product, while recognizing thatproducing at least 50 L itwhorfomapesied this product will not qualify as USP WFI.
source and occupying no more than two cubic feet. At

present, the smallest system for production of IV fluids Materials
projected to be available in the field is the Resuscitation
Fluids Production System (REFLUPS), a 100 L/hr, Reverse Osmosis Units
desk-size device with substantial water and power re-
quirements, employing reverse osmosis (RO) technol- Specifications for three hand-operated RO units (Re-
ogy (1). A 2-kg device developed for the National covery Engineering, Inc., Minneapolis, MN) are pre-
Aeronautics and Space Administration (NASA), capa- sented in Table II. The smallest is the Survivor@ 06
ble of producing 12 L of sterile water for injection, is (S06). The SurvivorM 35 (S35) is identical in configura-
based principally on ion exchange and ultrafiltration tion to the Survivort' A90 (SA90) but cannot be disas-
(2, 3). sembled for storage. All three units use FilmTec® FT30

We perceive that the target for the devices in question spiral-wound, thin-film composite membranes which
is sterile water for injection (WFI), as defined by USP provide 98% sodium chloride rejection at 225 psi (1600
XXII (4). The one criterion that cannot be met by any kPa), 25°C and pH 7. Connections between all units
fluidmaker (including REFLUPS) at the outset is that used in these tests were made with Tygon® tubing of
the source water satisfy U.S. Environmental Protection appropriate size. The RO membranes were protected
Agency (EPA) criteria, which specify maximum contain- from bacterial degradation by treatment with sodium

bisulfite when not in use.

ReTcIved April 30, 1992. Accepted for publicailon September 23, Ion LEchange (IE) C'olhmnns
1992.
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TABLE I TABLE II
Army Quality Standards for Potable Watera Reverse Osmosis Units

Short Term Long Term Production
Standard Standard Length W1 RateConstituent (7 Days or Less) (More than 7 Days) Model (cm) (kg) (mL/min)

Physical Survivorn 06 20 1.I 20-25
Color 50 units Survivora1 A90 38a 3.2 200
Turbidity Reasonably clear 5 units Survivor'i 35 57 3.2 100

Chemical " Disassembled.
Arsenic 2.0 mg/L 0.2 mg/L
Chloride - 600 mg/L
Cyanide 20 mg!L 2 mg/L Fine Particle Filters
Magnesium - 150 mg/L
Sulfate - 400 mg/L A Whatman® (Maidstone, Eng.) Gamma-12 filter
Total dissolved unit, fitted with the grade 20 filter tube (0.2 p.m rating)

solids - 1500 mg/L was used for initial tests of the disposable fluidmaker.
Chemical Agent

Hydrogen cyanide 20 mg/L 2.0 mg/L The tubes were autoclaved (1210 for 30 min) before use.
Lewisite 2 mg/L 0.2 mg/L For all subsequent tests, a Filterite (Timonium, MD)
Mustard 2.0 mg/L 0.2 mg/L UIA4A spiral wound string filter cartridge was used.
Nerve agents 0.02 mg/L - The stainless steel and brass filter cartridge housing

Bacteriological (Model 910562-000) weighed 2.5 g with fittings; the
Coliform 1.0 per 100 mL 1.0 per 100 mL spiral wound string filter cartridges, which were auto-

" Reference 5. claved (1210 for 30 min) before use, had a dry weight of

40 g each.

mixed resin were utilized where large columns were Receiver Set
required. For RO-based systems, a small ion exchange REFLUPS receiver sets (No. 15257, Abbott Laborato-
column was fabricated from a 15 cm length of PVC ries) were used for all tests of the disposable fluidmaker.
tubing of 1.75 cm inner diameter. The PVC tube was Each sterile set consisted of 18 1-L IV bags, a 7.5 cm
packed with resin from a fresh Barnstead D8902 car- diameter, 0.22 p.m pore size sterilizing filter and a
tridge, retained at each end with foam plastic filter docking device, all contained in a plastic wrapper. The
material taken from the same cartridge, dry weight of each 18 1-L bag receiver set was 1.2 kg.

Water Purification Filters Distribution Head

The First Need® water purification filter (General An indexed, 19-port valve constructed from stainless
Ecology, Inc, Lionville, PA) is a plastic-encased, solid steel and Teflon® weighed 1.54 kg and was designed to
matrix cylindrical filter containing a proprietary mix of accept the REFLUPS receiver sets (Fig. 1).
activated carbon and positive and negative zeta poten- Parenterals
tial adsorbents; it is rated by the manufacturer at 0.1
micron nominal and 0.4 micron absolute and produces Lactated Ringer's concentrate (20:1) was manufac-
400 to 500 mL/min at the recommended pumping rate. tured by Abbott Laboratories for Sterimatics Corpora-
Total weight is 200 g, and water holdup is 20 to 30 mL. tion.
Seagull® filter cartridges (type RS1-SG), acquired from
the same company, are of similar material. Each car- Methods
tridge weighs 480 g, and the stainless steel housing Challenge Waters
weighs 725 g.
Sterilization Filters Various water sources were used to challenge the

fluidmaker and its individual components. Total dis-
The following filters, 0.2-0.22 p.m pore size, were solved solid (TDS) levels from 600 to 1500 mg/L were

used: for the fluidmaker employing the S06, 25 mm achieved by amending Fort Detrick tapwater with so-
cellulose acetate syringe filters, (Nalge Company, Roch- dium chloride and sodium sulfate. Source water was
ester, NY); for the SA35, Cameo IV presterilized nylon dechlorinated either by allowing an open container of
syringe filters (Micron Separations Inc., Westborough, water to stand for several days or by adding 0.1 g of
MA); for the SA90, 7.5 cm cellulose acetate REFLUPS sodium bisulfite to each 5 gal (19 L) of tapwater. The
filters (Abbott Laboratories, North Chicago, IL). For dechlorinated water was additionally allowed to stand
most tests the filter was connected on the downstream for 1-2 weeks to build up naturally occurring bacteria
side to a REFLUPS concentrate transfer set (Abbott and endotoxins.
Laboratories), a 28 cm long, 4 mm diameter Tygon® Test Procedures
tube with a spike pin at one end and a Luer-Lok® syringe
connector at the other, thus providing a means for sterile Water treatment components were tested individually
transfer of the WFI to an IV bag. and in combination. For the RO system, the treatment
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PotcbIo
Source

*Pump
2 1. colunm

5 0-2 micron ffl4cr
6 *d-eribution hecd
7 L* KV ze .

REFLUPS tubes Avrc teinporariK scaled uith a pressure clat-p
Receive Set aftetr Albag:; ere ti11ed.

A-Ruhhrial Madrads

-Me sarnpcs, for b dctriolo~icAl and Limulus amebo-
eytc Ma-ýte (I AL.) tcstin- were collected in stetile FA-.
C"of 2027 screw cap, tubes.. In gencral. a sin~le sarr.p~c
vujs co11-etcd for each liter of puoduct water. The

FS=-- I-Dztbxzc fwad fee bagg~g %1'4FI frm cdsposab* sys- PýToý-cznt Plus% LAI. -cI test kit &-As supplied by- W~hit-
bm takcr Bkproducts. Inc-. WA~kcrsvilk. MIX. Using the

manufacturers test proccdurc. the scuitirbityv was 0136
train (Fit. 2) consisted of an RO unit. W-i column culmruk triplicate tests wcre cu-.duc'ted for Al samples.
(omitted for some tests). water purification rilter. steril- IlactWa testing wasm conducted usiag prcparcd I1L1.

iin dtilr. and transfecr set. with IV baý- (om-itted for sheecp bkxxd media (IL-don D~ickinson Mkobivkict-aI
sonie tests). lim transfer set and sterilizing rilter wcre 'Svsxems. Cockcwi~lk. MDI).. Miats were incubrAted at
replaced with each IV b-- fl~ed- both fiftcs were 3Z" for 4S hoots and in most cases duplicate tests u-ere
revc-11cd wfwnec-.er ihere wa-s -- breaxk in water produc- performed. Conduahti'w ws determined using either a
tikrn w~ithout t*_=n-- (i-e.. ciery 5-2014) IV bqg uxre VWR Scientific (M-dia.. P.A) portable conductivitv me-
Iaeat-scaled until samipl-ing or scaled temnpoiaxilh with a tcr or a Presici,-Tek% conductivity mztcr (Preston Scien-
soAtted plastic t-b.. For the disposabl 5sýstern. the tret- tifie. Anaheim. CU)- Mhoride (detection limit 'CXIi
merit train (Fme. 3) conszited of .a periistzdi pump. ion rri-!I.). sulfate (dtktcti:on limit -t (XI inget 1.) anid amznvo-

dezhnge column.. water pur-ifica-tion filter. rmc particde niunn (dteictiorn limit -,. I mi-f I,) ions were deteu~nined
rditr. 2nd rccewe-r set with distrbution heaL Filling 1w. ion chromzatograpk- (!)iv= -OWi) series. Sunrviale

OA) 1146)- Otherwateir q'ialisy par-aneters were detecr-

Potble Souceminexd by prucedurcz 0-cnr in USP XXII (4)..

Resufs ud Discussion

Mwe prvtoktyp fluidniake;r de-ckivpd in this study is,
41 based on RO wcehrioklo-. I-nown to be cltcc1ti'e in

4rcniqna:l ofitr-is dism A.-cd o.rganic and irtoxr-anic impturi-

5ties arnd micivoq--anisnis including xiruses (7). An kin

1 - RO unit esdaanee unit is required to rutthcr reducc dissoh-ed
2 - JE c lumnlt1 .D c enaticn of W1'I is coirmonhK achieved 1w%
2 E coumnultardiwittaion hoxi-cvr. this wwuld [tai- required incoir-

3 - carbon/zeta filter 6 1poration of~ an additkioal pump into the sy-stem. since
4 - 0.2 micron filter the hand-%nerated RO units cniphoycd aredcsiý-nrcd to
5 - transfer set tvperate with %vex little ne-t increase in vtater prcssure.
6 - IV bag Instead. a wLAIte purilication liitcr. suchm as those usd b)
Fv-2-ý dxv cam-.pers or for end-or-pipe treatiment in househols. is
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the- third main unit of the sistem. 711L e filters comn- leach endoto.'uns.) A second Loncern with the First
moniv contain activated carbon, which is etrective in Ceedt filter is discharge of -mall quantities of fine
trapping many low molecular wei~ght or-panic checmicals particle-s. hich e-%-ntually phiu hetriing filter. For
not removed by RO. and they also remove pathtoggns- future s%%tems the sterilizine tilter will be protected by a
and pyroge-_ns, A sterilizing tilter of) 0-24)12 p~m linifting disposable line particle litter, further discussed blw
pore size is the final clement in the treatment train (Fig.. Wectted components of the Ijuidmakers. wvhen esptz-cd
2). Various considerations dictated the usc of olf-thc- to air. were rapidly colonized by- mixed na-necgatice
shelf itens whiere avajilable.. bacteria, therebn- compromising hoti pyroeagnicitv and

Thbree hand-operated RO units we%-re investigaaed: the sterility. Field saxnitization of the systemn is not practical.
Survi~vpr:' 06 (SM)) with its a; zmeiated comlponents is Because there are no suitablc field tests to assure that
small enough to fit into a protecaiim -iask container (a the product is pgogoeen free and steri!::. quality must be
desired constraint): the Survivor" AW)I (SA90) and assured bn- sstemi desien and operating procedures.
Surv-ivor"7 33 (!3W) arc not. Pobamide membranes of Thuis, to assure prodluction of sterile. pyrogcnri-ie water
the type used generally removc W-5¶ of dissolved sodium the stcrilizin; filter. transfer set and IV bage should be
chloride, and all RO unias achieve-d this remin-al- Thei -eplaiced as a unit after each liter o~f WSj~ is produced.
small ion cvchan=~ column fabricated for this situi- has and the wate-r purification filter and ion cxehangec unit
ain cichan-ee capacity of I g of sodiSUm chloride. sufficient should be discarded after everyT 7-i L. or vxhee~ver
to demineralize NO1 1. of water containing- It) niel. of production of WI-l is discontinued.
sodium chloride to a specific resistitiiy 2: 1 negohmncm.
(Tshki column must be supported in an uptight position
to avoid flow ehannclink; how-evecr, the Arrmy hns derlvi Thei d isposable systecm wias concc ived wit h the t hought
oped under contract several small ion "rhang units that the high prodluction requirement and the uncer-
that can be operatd in any orienitation.) Steric-e pyruf-cr- taizrty of an cxternal 1',4mie supply rule out the use of
free arater (but not XWiI) w-as prepare from- various reverse icrnosis: on 11-c other hand- the 50-1. limit and
wa!cr sources usine only a First Xcedo solid matris s-.s!tem disposability permit the use or disposable ion
water purification rildtcr Pond water and other wxaters eshnge columns,'ror total salt and heaiy mectals re-
with pyrog-cnicity exceeding 100 eridotozxin unitsimi. rmnoiL (,\either this sistem nor the NASA system
(eufral.) were tested, but in no instarice did pyi~ntcrs mentioned abovec can jprodlucc 'NFl according to' 1)51
cuceed the d-tection limi.. of 0.t06 cuit m. in product XXII.vxhich specifics that 'NFl bc -cneratecd by RO or
%water from. a fresh First Need rafiter, much lesy. the 1)51 distillation) (4). The studies repor.ted above shoned tfat
XXII standard of 025 eufmt. pyrogen and pathofgen removmal can be achievecd through

Mll three RO-based 5s-stems co... isreritly primided 2se of a sollid matrix activaied carbon and zeta a:dsorbent
stenile py~vron-free water:when the small ion cmchange tilter of the- kind used for iousehold talm-ater puririca-
unit was included in initial studims the product water tion. Trhe breadboard tretment s-ystem dev.isc-d ror the
was equivalenit in all parameters measured ten USP1 XXII present study contsisted, in serices. of a strong acidistrong
Sterile Ui-4 (rTable 111) (%S.9)_ -Samples bae.-ed and base mixed res:in ion c~xhan~pc colunin. carbon filter. tine
stored for seren dais (with or without IV concentrate) particle rater and a 0-2 pmt strrlifin-t rater (Fig. 5). For
reumained! sterile and pyrvgen-(ree. howxver, in an protfuct collection we utilized an lS-bax- transfer set
cytended series, of tezsts with up to 5C 1, of' water originazlly developed for REFIIJS: a hand-operatcd..
collcvted fhrn eachof rh-cSO- nd S3C- bxsed %x-sica rnulipori indlEsed vah-e directed fluid flow (flig 1).
product wztcr esrxeded thc UMI' XXII chloridec limit Fluid transfecr to irdi'idual ItVbags v-as.readilyachic% rd-
(0X5 m:_[I.). w~hether or not an ion creh-i:, unit was and no, lcakagc occurred. Fccd-w-aw~r flim was main.
cniployd due in part to kcachin; u 1salt from the First tarned usinga peristaltic pu~mp.. The combined veig-ht of
Need" filter ma-trix (10. 11)- Future systems will have an all com~ponents (esept the pump) wa-.s less than 10 kg..
ion cxchange unit nith higýh purity resin folknin;. rather and the complete device with three bag set6s (total
thani preceding.- this filter. (Cozmmercial gradesi of ion capacity 34 1.) occupied -;o more than two, cubic rect. as
cxchansrc resis tmay be contaminated w~ith bacteria and required-

TABLE IIl
Pccfomvr=a off FT=;naýcrsl

CI 150i c-: I Nl, I3u1w Scill
5344 maJll towiJj fir-Ili IMM/J.a *utina IcaleticsttIJ

thaluge Cuatcr ", S &vCa f. I I 3S.%l . tDJMtD
s u.1 Iin ML , I XM NNM

SA'ulwo IP. .1U .1mi. . I NIM NIM
sffinuuh Il 12.1 1) Ul.I D6 'N' grivath
SAIM ntih lIt: MMW RDl Mi. MONJW No pom Ih

t7%r=';kW J= =v rotvIiW in RnE Sk
"It" a tiA=Cbjj;v.kXM e wauI t). hdmqtv~' *mLM *~i W#=ivOt1 tot r4Cm Otnt , e Vi.(v4UOM.
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M-4

Th- breadboard test system produced sterile. pgrown- have learned that a plastic housiing of li~ghtcr wcight is
free water at a rate of 605 11min at a feed pressure of available. T1c strine filiers tested incorporated a spin
one atmosphere from challenige water containing lees finish which gat a false positiwe I.Al_ indication for the
of bacteria I a 11.0(N) colony forming units (cft%4ImLI first fewv liters of filtrate: howecver, the manufacturer has
and pyrogens (a (A) culmi) much higher than would he informed us that a prewashed medlic-al gradc filter.
e~xpected for any potable source (12). flowerer. endo)- identical in all other respects. is availabie.
toxidn breakthrough at the detection limit with the
&caeullv RSI-SG filter occurr-' 'at 38 I-of product from Fuinlir Rrcraxrch Nds
a chiallenge ugreater than W(O eu/mL To assurc _54 L of cikgadvlatneastmtonrdueac-
jwro%-cn-frcc 'water it may be necessary to install a new Iesncan aiaiga ytmt ntoueprn

filtr fr ech 5 L ae et.or o sbstiutetir laeer teral concentrates into the WVIi may present the greatest
RS2-G flitcr (711)0 vs. 450 e)and housine (1- k-_ vs challenge in ficiding the fluidmnakers- For this study.

72 )_ Combined weig~hts would be about .he same for sm Vbt eepeae otiiC5 Lo
either aliernathire. la-ctated Ringcrs concentrate (2(tU). U.S. Pharmaco-

Perfrmane wth rspec toremo-al f IS ~v~ jiLal specifications call for an accuracy of ±t5 percent in
measured in terms of conductivity. The upper limit on sodium chloride concentration.L correspondike to ±50
wvnducliiity for WI- is 20 jisiercnin/er (3): homwevr. 14) mL of WFI Jcr 1-1. bag. We achieve-d this level of
assure that chloride does nat exceed 0-5 m~I1. WF:I accuracy using~ snixill spring scales calibratcd to =25 .
should hamv conductivity no grcater than c-- pi emen!i NASA has undertakcn resea-rch on the pr-oblem- of IV
cm.. The I~arnsetad 6%9w-' canridgcs, employed (cx- concentrates: a repowrt is in preparation (14).
change caipacity 71S -~ as so-dium chloride) met this limit Sterile closure of filled IV bagssaluo requires further
(±t25%') from ak challeng~e water with a TIDS of ca. nIx' research. To simulate capabilities available in the field.
,rtL and conducti;vity of 1250 = 50 p.,niniroen /em some IV b-~ eepraetyscldh etn h

4): breakthrough did not oucur until total product filling- tube .,ith a small butane torch to the point of
volume hat xedd()LTee ss~iiatlhn softenin!e. then immediately pinchting off the tube with
of conductive nmteriatls from thc RUSI-SG filtzr Fi.4). flat-nosc plicrx this procedure was-. efectivc if cumber-
but this p~roblemi should be correctable by- means of a some. A better solution may be to have slotted plaxstic
second, much smaller. high puirity ion exehange column taps or other eL-mpin- devices, incorporated during
fol1lowine the filter. The size and shape of this column manufacture of the receinversets..Alternatvely,. a battery-
-would bec dict.-,ted hr flow considecrations. rather than operated hezat sealer could be decised. It'should be
exchange capacity, Ahih need not in any eL-con.t cideiud I noted thati most of the test items incorporated in the
z- as sodium chloride. Elecrodcitmniation wovuld be an systemts decribed havc not yet been approvecd for
attracti~v alternativc to ion exchan:-e for !his -,xnlishin; medical use. catenshv testing needs to be performed
step (13). if such a system could be adapted, to operate under Czodl aboratorryPntctices;and CkxI M~anufacrur-
from the 241 volt powecr supply of military v'ehrelc' in; Practices beorc these syste m. Can be fielded.

The function of the rme panice filter is to protect the
steilzn filter. part of the recceiver set. fro.1 bloctagc Snnr
by salparticles shed hr the ILSI-.%Gx rgicr.. A WThat-
man" paper tube filter ratled =t Q12 tun pore site served Two approaches have been i-avesti~ated for rencrat-
this function. but plue:ed after 4.;1.of prtx1ct water. A i=~ water of WFIi quality under field conditions from
F-itritcu %%vurtd string cattrnizdc protecte.d the stcrilix- portable equipmecnt. One-. in late prototype stage. uti-
in; filter. -w.hich showed no sit-its of rcstritctd fow after fires re~vrse osmosis. uhilc the other, still ir. the brcad-
mrore than 100 1. of product.nTcr wmcight of the stainlos board %staq-_. relics, solely on ion cxchanee for salt
seel and br-ass housin:e. 25 lz; .i a diadant1e. but we rcno.l Althozlý-b the m.-tmcm dev-isd cirnsisicntlv

prorleec sterilc. pjwro-:en-ft= vmter fromt tapw.ntcr eoa.1
ICCCC~---~----~- -tainin; hid; bacterial leel:5,. the prvdwc wa:tecr Will

K ~~~require addlitional treatmnta itos nr :
K XXII man-4ard foir WI- w~ith rc-cvt it; 'Alt LmEvel.

Further research is ncededI to %knieop a prmcdzure for
* introdfuction or parenteral caux-mntrates anid to &de'i-. :I

m.ctI W for mnrer viikeosrco f I Vh in the fieldU

- ~Disclaime

Q~~ ICc an flicdia in this% ptap are not to be contrued ;3m
:no lcpal qr-.=n;; of thic Army pos.ition unlekso

d~c~sticrad In- othe-r awhthired dkvcumntsn,. ('itutio of
r~we4 co *9_Iftý C PV*,= =v &M 4 003abk .ZC corunw-crcal oq;mauiartions or. tradec naa=L in thisr -evrtt

wxe~ute ion "dzkve MU P% Rs-s exo ro not constitute in ofliciaivl notr'iticnt or appan-al of

bono. ~niecn r~.the pttduct' or sertices. of ;hese 41runjiaios..
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